Mass measurements of neutron-rich Cd and Ag isotopes were performed with the Penning trap mass spectrometer ISOLTRAP. The masses of 112,[114][115][116][117][118][119][120][121][122][123][124]120,[122][123][124]126,128 Cd, determined with relative uncertainties between 2 × 10 −8 and 2 × 10 −7 , resulted in significant corrections and improvements of the mass surface. In particular, the mass of 124 Ag was previously unknown. In addition, other masses that had to be inferred from Q values of nuclear decays and reactions have now been measured directly. The analysis includes various mass differences, namely the two-neutron separation energies, the applicability of the Garvey-Kelson relations, double differences of masses δV pn , which give empirical proton-neutron interaction strengths, as well as a comparison with recent microscopic calculations. The δV pn results reveal that for even-even nuclides around 132 Sn the trends are similar to those in the 208 Pb region.
I. INTRODUCTION
Direct mass measurements allow an accurate determination of the nuclear binding energy. Present experimental studies reach an accuracy of a few eV for stable nuclides [1] [2] [3] and about 100 eV for radionuclides [4] [5] [6] [7] [8] . Mass values of such precision allow nuclear structure studies. For example, mass values determined at ISOLTRAP [9] provided important information concerning the question of shell closures [10] .
A mass filter δV pn , obtained from double differences of binding energies, can be constructed that isolates the interactions of the last protons and neutrons [11] . Recent surveys [12, 13] using the Atomic-Mass Evaluation 2003 (AME2003) [14] yielded interesting results concerning the influences of the orbits of the valence nucleons on the protonneutron (p-n) interaction strengths in the 208 Pb mass region, TABLE I. Information on the six online experiments, the investigated radionuclides, the applied target/ion source combinations, and the separator used. All experiments employed the neutron converter (n-conv.) [31] for the production of neutron-rich fission products and in the case of all Cd measurements, a temperature-controlled quartz transfer-line (QTL) was used [21] . Ionization was performed using the RILIS [19, 20] . beam impinging on a thick uranium-carbide target and were subsequently ionized by use of a resonance-ionization laser ion source (RILIS) [19, 20] , where, with up to three different laser wavelengths, the atoms are element-selectively excited into auto-ionizing states. However, a background of surfaceionized Cs contamination is also created due to the heated transfer line between the target and ion-source cavity. For the experiments on Cd a temperature-controlled quartz transfer line (QTL) was implemented to reduce the Cs background by a factor of ≈600 [21] . Table I shows the investigated nuclides and the target/ion source combinations used in the experiments of the present work. The ions were accelerated to an energy between 30 and 50 keV mass separated and transported to the ISOLTRAP setup via the High Resolution Separator (HRS) or the General Purpose Separator (GPS), which have mass resolving powers of m/ m 3000 and 1000, respectively.
ISOLTRAP consists of three main functional parts (Fig. 1 ). In the first stage, a radio-frequency quadrupole cooler and buncher (RFQ buncher) [22] operated at a potential between 30 and 50 kV, the ion beam is stopped and converted into an ion bunch with a small radial and axial emittance [23] . The ion bunches are transported at low energy to a cylindrical preparation Penning trap [24] , where a massselective buffer-gas cooling technique [25] is applied to rid the bunch of isobaric contamination. A resolving power of about 40,000 was used for the present measurements. For the mass determination in the hyperbolic measurement Penning trap, the cyclotron frequency ν c = qB/(2πm) of the ions is probed by the use of the time-of-flight ion-cyclotron-resonance (ToF-ICR) technique. The ion motion is manipulated by applying a radial quadrupolar radio frequency (rf) voltage. The ions are ejected from the Penning trap and their ToF is recorded. The resonantly excited ions (ν rf = ν c ) have the shortest ToF to the detector [26] , a channeltron with nearly 100% detection efficiency [27] (except for the experiment in June 2009, where a multichannel plate detector was used). The dependence of the ToF on the excitation frequency is well known [28] and a fit of the resonance curve to the measured ToF values leads to a precise determination of the cyclotron frequency ν c . In the inset of Fig. 1 ToF-ICR data for 128 Cd + and the fit curve are plotted. For a mass determination the magnetic field strength is interpolated between measurements of the reference ion 133 Cs + before and after each resonance of the ions of interest. The absence of resonant-frequency shifts in all the data indicates that no contamination was present [29] .
To account for unknown systematic effects a mass-independent systematic uncertainty of 8 × 10 −9 [29] is added. (This point is discussed in more detail in Ref. [30] .)
III. RESULTS: MASS VALUES AND ATOMIC-MASS EVALUATION
The experimental results were obtained during six different online experiments between October 2005 and June 2009 (see Table I ). In general, at least two resonances were taken for each of the investigated Ag and Cd nuclides (except in 128 Cd + fit with the theoretical lineshape (solid line) [28] to the data. The quadrupolar rf excitation was performed for 600 ms. Because of possibly unresolved isomeric states, the experimentally determined mass-excess values of 115, 117 Ag and 123 Cd were treated as described by Wapstra et al. [32] . The mass-excess values were increased by half of the excitation energy of the potentially present excited isomeric state. For the correction of the uncertainties of the experimental data, two cases were considered: First, a pure ion ensemble was present, but no information for an assignment of the measured value to a state was available. In this case the mass uncertainty was increased by quadratically adding the uncertainty of the excitation energy and half of the excitation energy of the isomer. Second, the ion ensemble is a mixture of ions in the ground state and in the excited state. In this case the experimental uncertainty was increased by 0.29 of the excitation energy. In Table III Fig. 2 for even-N Ag nuclides, we assumed that such isomers exist. In this figure the difference between the level energies of the lowest-lying 1/2 − and 7/2 + states is plotted, which are the ground and the first excited states. From this trend (20) keV. This procedure was already applied for 119, 122, 124 Ag in the AME2003 [14] .
For 118 Ag the measured value was assigned to the isomeric state due to the agreement with the known mass-excess value [14] . In addition, the value of the excitation energy of ≈128 keV is more than an order of magnitude higher than the uncertainty of the measurement. Finally, with the standard analysis procedure [29] no hint of close-lying contamination was found.
The measured frequency ratios from this work were included into a new atomic-mass evaluation, which was performed as in previous treatments (e.g., in Refs. [33, 34] ). This procedure gives the currently best mass values. The result also shows the influence of the new data on the mass network. In Fig. 3 and Table III the new mass-excess values are compared with those derived from the ISOLTRAP data and with the values of the AME2003 [14] . In the following, all investigated nuclides are discussed in turn. The influences of the contributing data to the final mass-excess value, which results from the flow-of-information matrix [35] , is given as a percentage. In general these values are rounded and thus their sum is not always exactly 100%.
A. The Ag isotopes 112 Ag
The AME2003 mass-excess value and the ISOLTRAP value deviate by about 40 keV (2.3σ ). In the AME2003 the massexcess value was determined with a weighting of 69.7% by the Q value [299 (20) [37] . In the new evaluation the mass is fully determined by the ISOLTRAP value.
Ag
The mass-excess value from ISOLTRAP and the one from AME2003 agree within their uncertainties. The AME2003 mass was determined with a weighting of 50.3% from the β − decay of 114 Pd [38, 39] with Q values of 1414(30) and 1451 (25) [42] . The value of the new AME is entirely determined by the corrected ISOLTRAP value.
The mass-excess value determined with ISOLTRAP was assigned to the isomeric state with an excitation energy of 127. 49 Cd the values determined by ISOLTRAP are treated for an unknown mixture of the isomeric state as described in Ref. [32] . The resonance of 118 Ag was assigned to the isomeric state, and therefore the corresponding value for the ground state is plotted. For 120,121 Ag, where two ISOLTRAP results are contributing to the new AME, the corresponding experiments are indicated.
using the β − -decay results (Q value of 7122(100) [42] and 7155(76) keV [43] ). After the present evaluation, the mass of 118 Ag is entirely determined by ISOLTRAP.
The isomeric state 119 Ag m is predicted to have an excitation energy of 20 (20) keV. For this reason the mass-excess value of 119 Ag was corrected to −78648 (14) keV. This value agrees with the AME2003 value from the β − decay of 119 Ag with a Q value of 5350(40) keV [42] . In the new evaluation the ISOLTRAP mass-excess value contributes 97.3% and the other 2.7% comes from 119 Ag(β − ) 119 Cd.
The two mass-excess values determined at ISOLTRAP agree within their uncertainties with the AME2003 value, which originates from two measurements of the β − decay of 120 Ag(β − ) 120 Cd with results Q = 8200(100) [42] and Q = 8450(100) keV [43] . The value of the new AME is determined 100% by the weighted average of the two ISOLTRAP measurements.
The ISOLTRAP values and the one from AME2003 deviate by about 1.8σ . The latter was determined by the β − decay of 034313-5 121 Ag with a Q value of 6400(120) keV [42] . In the new evaluation the mass-excess value of 121 Ag is the weighted average of the two ISOLTRAP results and it is corrected for a potentially present excited state isomere.
The isomeric state 122 Ag m has a predicted excitation energy of 80 (50) keV. Resulting from the isomeric correction the corrected mass-excess value of 122 Ag is −71106 (38) keV. This ISOLTRAP value agrees with the one extrapolated in AME2003 within its uncertainty. In addition, it also agrees with a recent isochronous mass spectrometry (IMS) measurement at the ESR of GSI [44] but is much more precise. Thus, in the new evaluation the mass-excess value of 122 Ag is completely determined by the ISOLTRAP result.
The mass of 123 Ag was measured in two experiments (see Table III ). Both mass-excess values agree within their uncertainties, but only the latest one is taken into account due to its much higher precision. After applying the isomeric correction mentioned previously, one obtains a mass-excess value of −69548 (30) keV for 123 Ag. This mass-excess value differs by about 1.9σ from the extrapolated value from AME2003 and by 1.4σ from an IMS measurement [−69377(121) keV [44] ]. The value of the new AME is entirely determined by the new ISOLTRAP result.
The mass of 124 Ag was measured for the first time. The result and the extrapolated value from AME2003 agree within the given uncertainties. The value of the new AME includes a correction for a potentially present isomeric state and it is entirely determined by the ISOLTRAP result.
B. The Cd isotopes 114 Cd
The measurement performed at ISOLTRAP agrees very well with the value of the AME2003. The mass-excess value of 114 Cd was previously determined with a weighting of 70.6% by the Q values of two measurements of the (n,γ ) reaction 113 (24) and −5098(30) keV [51] , respectively. In the new evaluation the mass is entirely determined by the value reported in this work.
Cd
The ISOLTRAP result deviates by 2.8σ from the value of the AME2003, which was determined by a two-proton exchange reaction 124 Sn( 18 O, 20 Ne) 122 Cd with a Q value of −1246(43) keV [52] . The value of the new AME is completely determined by the result of the present work due to its low uncertainty.
This nuclide has a long-lived [1.82 (3) [53] ). This decay determined the mass of 123 Cd 100% in the AME2003.
The mass-excess value of 124 Cd of the AME2003 was determined by its β − -decay Q value of 4166(39) keV [53] . This value and the result obtained at ISOLTRAP agree very well with each other. In the new evaluation the mass-excess value is determined 97.8% by ISOLTRAP and 2.2% by the β − -decay Q value.
The mass-excess value in AME2003 came from a β − decay of 126 Cd with Q = 5486(36) keV [53] . This result and the weighted average of the two ISOLTRAP values deviate by about 1.5σ . In the new AME the 126 Cd mass-excess value is determined entirely by the two ISOLTRAP results.
The ISOLTRAP measurement agrees very well with the AME2003 value originating from the reaction 128 Cd(β − ) 128 In, Q = 7070(290) keV [53] . The new value is entirely determined by the present result.
IV. DISCUSSION
The two-neutron separation energy is given by
where ME(n) is the mass-excess value of a neutron. This energy difference is an indicator for structural changes [10, 54] . In Fig. 4 A similar tendency of regularity for the neutron-rich nuclei as obtained from the S 2n values can be observed in the GarveyKelson mass relations [55, 56] for nuclei with N > Z
+ ME(Z, N − 1) − ME(Z, N + 1)
In these relations between masses of six close-by nuclides various interactions between nucleons as a function of neutron, proton, and mass number (or isospin) such as p-p, n-n, and p-n interactions, cancel out to first order. Thus with the knowledge of five of the masses a prediction of the sixth is possible. In principle, there are, in total, 12 different ways to obtain the mass of a nuclide from the Garvey-Kelson mass relations between the mass values of neighboring nuclides. In practice, however, this applies only if all corresponding mass data are actually available (i.e., only in the vicinity of the valley of stability). Recently, a survey across the entire chart of nuclides was performed [57] using the AME2003 [14] . A root mean square deviation of σ rms ≈ 76 keV of the Garvey-Kelson relations from the actual mass value was obtained for the mass region A 60, in those cases where all 12 relations were available. If fewer relations were used, the uncertainties were larger. We note that the uncertainties in the Garvey-Kelson relations are not uniquely defined. First, the prediction of masses for even-odd nuclides is more uncertain than for even-even ones and second, the agreement of the Garvey-Kelson relations is better toward closed shells rather than in the average over the entire nuclide chart [57] .
The values presented in Fig. 5 are absolute values of the difference between the tabulated masses for Cd from the AME [58] . In general, the new differences are smaller than the old ones, which corresponds to a better agreement between the values obtained from the Garvey-Kelson relations with the experimental data. Note that Cd, with Z = 48, is close to the proton shell of Sn, which explains the good agreement for most of the values. In contradiction to the idea that the Garvey-Kelson relations work better near closed shells, here we find that the differences between the AME results and the Garvey-Kelson are, on average, larger in the vicinity of a closed shell (N = 50 or 82) than in the midshell region. The most improved value corresponds to the remeasured 123 Cd. This is consistent with the greater smoothness of the two-neutron separation energy S 2n for even-N Cd nuclides, whereas the the S 2n curve for the odd-N Cd nuclides still deviates from a straight line.
A sensitive probe of structural changes is δV pn , a double difference of binding energies giving the average interaction of the last proton(s) with the last neutron(s) [11] δV pn (Z, N) = − ({ME(Z, N) − ME(Z, N − 2)} − {ME(Z − 2, N) − ME(Z − 2, N − 2)}). The new δV pn (Sn) values (solid circles) show a much smoother trend.
In Fig. 7 (left), we compare δV pn values as extracted from the new AME for nuclei in the Sn region near N = 82 (top) with those in the Pb region near N = 126 (bottom). The normal parity orbits in a major shell begin with high j angular momenta and low n principal quantum numbers whereas, near the end of the shell one finds orbits with low j and high n. As a result, if both protons and neutrons fill just below or just above a shell at the same time, the overlap between the proton and neutron wave functions are expected to be large. The large δV pn (Sn) result for the even-even nuclei, especially at N = 82, can be explained with this approach.
As seen in Fig. 7 (left) , the behavior of the Sn region is very similar to the Pb region including the sharp increase of Te (similar to Po) after the neutron closed shell, reflecting the larger overlap of neutrons at the beginning of the new shell with the valence protons at the beginning of their new shell. Clearly, this points to the need to measure δV pn ( 134 Sn). This requires a better measurement of the mass of 130 Cd and a new measurement for 132 Cd. Recently, microscopic density functional theory (DFT) calculations were carried out throughout the nuclear chart. One set of such calculations used an interaction called SKPDMIX which is a Skyme force with mixed volume and surface pairing. The binding energies from these calculations can be used with Eq. (3) to obtain a prediction for δV pn values [59] . Even though the DFT SKPDMIX masses are no more accurate on average than about 1 MeV, the specific p-n correlations that they include can be isolated and sensitively probed with δV pn . They match the measured δV pn values over most of the region of medium mass and heavy nuclei to, typically, better than 50 keV. The most glaring exception to this is near closed shells [see the Pb region in Fig. 7 (bottom) ] where it is known that the DFT SKPDMIX does not work very well and is in need of improvement. We now see that, in the Sn region as well [ Fig. 7 (top) ], the DFT SKPDMIX also faces difficulties near the closed shell while performing better further away. In Fig. 7 , we also include results for δV pn using an alternate interaction called SLy4 [60] obtained with the SLy4-GCM model. In the second half of the neutron shell, these calculations are somewhat better than the DFT SKPDMIX.
Thus it appears that mass measurements, combined in the form of δV pn values, might be useful in testing the p-n correlations embodied in different interactions used in microscopic calculations, and perhaps, thereby, foster improvements in such interactions. The other application of δV pn values discussed previously, namely the behavior near shell closures, shows that these proton-neutron interactions can be interpreted directly, close to doubly magic nuclei, in terms of the overlaps of the last proton and neutron wave functions. The characteristic bifurcating behavior, now seen in both the Sn and Pb regions, may be useful in the study of shell structure as a harbinger of double magicity in new regions far from stability where masses may be the only obtainable observables.
V. SUMMARY
Precision mass measurements of ten neutron-rich Ag and seven neutron-rich Cd nuclides are reported with an improvement of a factor up to 30 in experimental uncertainties such as in the case of 121 Ag. Most of the mass values were determined directly for the first time. The value of 124 Ag was measured for the first time. Measurements in this mass region suffer from the presence of long-lived excited isomeric states as discussed for 115,117,119,121−124 Ag and 123 Cd. For those cases the experimental results were corrected as described in the AME2003 [14] . All corrected mass values were included in a mass network update. The resulting masses are discussed with respect to their values in the AME2003.
The new mass values lead to corresponding corrections of the two-neutron separation energies S 2n . Kinks in the S 2n -versus-N plots found for the previous values disappeared, and in general, a smooth behavior is observed. The GarveyKelson relations show an improved consistency within the uncertainties. Similarly, the δV pn values were revised and show smoother behavior in the Cd-Sn region. These values are now available for almost the full range of Sn nuclides between the magic neutron numbers 50 and 82. In general, a smooth behavior in the region of the mass surface below Z = 50 toward the neutron-shell closure N = 82 is observed. The behavior of δV pn across the N = 82 shell closure very closely resembles what was seen in the Pb region prior to the recent determination of δV pn for 210 Pb [16] . This emphasizes the need for a new measurement of 132 Cd (and an improved value for the mass of 130 Cd), to give δV pn for 134 Sn and conclusively test whether these two doubly magic regions behave the same throughout.
Similarly, for investigations of the S 2n values, GarveyKelson relations, and δV pn values for odd-N Cd nuclides, a remeasurement of the 119−125 Cd masses is required. This is particularly difficult due to the presence of isomerism as described previously. Finally, the new mass values allowed further tests of the p-n correlations in calculations using the DFT SKDMIX and the SLy4-GCM showing that the DFT SKPDMIX does not reproduce the data well near the closed shells, as expected, but that the SLy4-GCM calculations perform noticeably better in these regions.
